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HIGHLIGHTS 


•  We  show  the  fabrication  of  a  single  wafer  bipolar-plate  micro  direct  methanol  fuel  cell. 

•  We  show  a  measurement  setup  and  model  able  to  determine  the  ionic  resistance  through  the  devices. 

•  We  examine  the  effects  of  membrane  support  plate  geometry  on  device  performance. 

•  Open  circuit  potential  is  increased  at  lower  rates  of  plate  perforation. 

•  Peak  power  density  is  increased  at  higher  rates  of  plate  perforation. 
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This  article  describes  the  fabrication  and  characterization  of  a  silicon  based  micro  direct  methanol  fuel 
cell  using  a  Nation  ionomer  membrane  integrated  into  a  perforated  silicon  plate.  The  focus  of  this  work  is 
to  provide  a  platform  for  micro-  and  nanostructuring  of  a  combined  current  collector  and  catalytic 
electrode.  AC  impedance  spectroscopy  is  utilized  alongside  IV  characterization  to  determine  the  influ¬ 
ence  of  the  plate  perforation  geometries  on  the  cell  performance.  It  is  found  that  higher  ratios  of 
perforation  increases  peak  power  density,  with  the  highest  achieved  being  2.5  mW  cm-2  at  a  perforation 
ratio  of  40.3%.  The  presented  fuel  cells  also  show  a  high  volumetric  peak  power  density  of  2  mW  cm-3  in 
light  of  the  small  system  volume  of  480  pL,  while  being  fully  self  contained  and  passively  feed. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  times  as  consumer  electronic  devices  have  continued 
to  scale  down  in  size  and  increase  in  complexity,  so  has  the  re¬ 
quirements  on  their  power-sources  increased.  On  the  typical  device 
scale,  the  power  requirements  of  mobile  phones  and  laptops  can  be 
fulfilled  to  some  extend  with  lithium  ion  batteries  allowing  modest 
battery  lifetimes  as  well  as  easy  recharging.  However  on  the  smaller 
device  scale  such  as  personal  medical  devices  and  hearing  aids,  the 
size  requirements  have  made  typical  rechargeable  batteries  infea¬ 
sible.  These  devices,  which  must  operate  at  room  temperature,  are 
primarily  powered  by  single  use  zinc-air  batteries.  This  work  deals 
with  silicon  based  micro  Direct  Methanol  Fuel  Cells  (pDMFC)  as  a 
possible  replacement  power  source  for  such  small  medical  devices. 
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These  can  potentially  deliver  higher  energy  density,  as  well  as  very 
fast  recharging  through  fuel  exchange,  which  can  be  carried  out  in 
seconds.  Methanol  fuel  cells  work  by  oxidizing  methanol  at  a 
catalyst  layer  at  the  anode  which  is  typically  constructed  from 
platinum/ruthenium  alloys  to  mitigate  carbon  monoxide 
poisoning,  while  oxygen  is  reduced  at  the  catalyst  layer  at  the 
cathode  typically  constructed  from  platinum.  Silicon  technology 
when  used  in  p DMFC  is  typically  employed  to  create  micro- 
structured  current  collector  electrodes,  which  are  then  stacked 
around  a  conventional  catalyst  coated  proton  conductive  polymer 
layer,  conventionally  100  pm  thick  Nation  117  sheets.  Such  a  design 
is  termed  a  bipolar  plate  design  [1].  This  design  is  often  used  in 
active  systems  utilizing  pumps  and  operating  at  elevated  temper¬ 
atures  [2-4]  but  has  also  been  implemented  in  room  temperature 
operating  passive  air-breathing  cells  [5-7]. 

In  this  article  the  focus  is  on  a  novel  silicon  based  bipolar  plate 
design  with  an  integrated  membrane  as  opposed  to  the  conven¬ 
tional  stacked  electrode  design  5],  for  which  the  silicon  electrodes 
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are  mechanically  attached  around  a  conventional  membrane 
structure.  The  presented  design  allows  the  full  cell  to  be  defined  in 
a  single  silicon  wafer  without  need  for  bonding  or  mechanical  as¬ 
sembly,  and  with  the  fuel  reservoir  attached  simply  through 
conductive  adhesives  or  soldering. 

In  a  review  of  the  current  state  of  pDMFC  research  by  Sundar- 
rajan  et  al.  [8]  two  major  disadvantages  of  silicon  fabrication 
techniques  were  highlighted:  There  is  poor  adhesion  between  the 
proton  conductive  polymer  membrane  and  the  silicon  plates,  and 
silicon  is  brittle  making  it  difficult  to  compress  the  cell  to  lower  the 
electrical  resistance  between  the  catalyst  layers  and  the  bipolar 
silicon  plates. 

The  design  presented  in  this  work,  shown  in  Fig.  1,  addresses 
both  of  these  disadvantages  by  integrating  the  ionomer  membrane 
directly  into  a  silicon  plate  structure.  The  problem  of  poor  adhesion 
is  solved  by  mechanical  locking  of  the  membrane  into  the  structure 
such  that  when  in  a  dry  state  the  polymer  is  held  in  place  me¬ 
chanically,  and  when  in  a  wet  state  the  expansion  of  the  polymer 
will  press  against  the  sides  of  the  locking  structure  and  increase  the 
adhesion. 

The  problem  of  contact  resistance  is  addressed  by  integrating 
the  current  collector  electrodes  into  the  silicon  support,  burying 
them  beneath  the  catalyst  layer.  This  can  potentially  reduce  the 
needs  for  high  force  clamping,  and  allows  for  non-conducting 
materials  to  be  used  as  Gas  Diffusion  Layers  (GDL).  Typically 
these  layers  must  fill  the  role  of  both  GDL  as  well  as  contact  layer 
between  catalyst  and  current  collector  plates,  and  are  therefore 
limited  to  conductive  materials. 

2.  Experimental 

2.1.  Micro  direct  methanol  fuel  cell  design 

The  devices  covered  in  this  article  were  designed  with  the 
purpose  of  studying  the  influences  of  geometrical  variations  in  a 
silicon  plate  integrated  ionomer  membrane,  a  side  view  is  shown 
schematically  in  Fig.  1.  Current  collector  electrodes  were  integrated 
into  the  silicon  plate  surface  by  deposition  of  100  nm  thick  gold 
layers.  The  plate  structure  is  etched  into  a  350  pm  thick  silicon 
wafer,  the  100  pm  thick  plates  are  then  perforated  by  etching  a 
lattice  structure  of  holes  as  shown  in  Fig.  2.  The  lattice  spacing,  a, 
and  hole  diameters,  d,  were  then  varied  to  study  the  effects  of 
different  aspect  ratios  with  devices  constructed  to  have  6  different 
geometries  denoted  type  A-F  as  listed  in  Table  1. 

The  perforation  ratio,  a ,  is  given  by  the  ratio  of  the  area  of  three 
holes  (Ah  =  3  tt/4  d2)  to  a  lattice  unit  cell  area  (Alu  =  3\/3/2 a2). 
Both  resistance  and  methanol  permeation  will  scale  inversely  with 
this  active  area  ratio  (a  =  (n/2V3)(d/a)2).  Under  the  assumption 
that  the  pores  defined  by  the  holes  are  completely  filled,  the  higher 
perforation  should  lead  to  an  increased  proton  conductance  be¬ 
tween  the  anode  and  cathode  but  also  an  increased  diffusive  flow  of 
methanol  through  the  membrane. 


■  Gold  current  collector  ■  Catalyst  layer 

■  Silicon  support  Silicon  dioxide 


Fig.  1.  Schematic  illustration  of  the  fuel  cell  design.  The  cell  geometry  is  a  bipolar  plate 
configuration  with  the  ionomer  membrane  integrated  into  a  silicon  plate  structure. 
Elements  are  not  to  scale. 


2.2.  Fabrication  of  silicon  plate  supported  fuel  cell 

A  step  by  step  schematic  illustration  of  the  fabrication  process  is 
shown  in  Fig.  3.  The  major  elements  are;  definition  of  the  sup¬ 
porting  plates,  perforation  of  the  plates,  electrode  definition,  ion¬ 
omer  integration  and  catalyst  layer  deposition.  These  elements  are 
explained  below  with  references  to  the  step  numbers  in  Fig.  3. 

2.2.1.  Silicon  plate  defining  I<OH  etch 

In  order  to  achieve  a  thin  plate  which  still  has  sufficiently  high 
mechanical  strength  to  allow  processing  and  dicing,  KOH  wet 
etching  is  used  to  define  a  recess  in  the  wafer  (step  Sl.l — 4).  Prior  to 
etching  a  Low  Pressure  Chemical  Vapor  Deposition  (LPCVD)  silicon 
rich  low  stress  nitride  layer  of  100  nm  is  deposited  (Sl.l).  The 
frame  mask  is  defined  through  photolithography  and  Reactive  Ion 
Etching  (RIE)  of  the  silicon  nitride  layer  (S1.2).  The  wafers  are 
submerged  in  a  80  °C  hot  28%  mass  fraction  KOFI  solution  for 
approximately  3.5  h  (S1.3).  The  process  is  timed  in  order  to  create 
100  pm  thick  plates  with  the  masked  regions  forming  350  pm  thick 
support  frames  as  shown  in  the  top  part  of  Fig.  2.  Alongside  the 
frames,  the  anisotropic  nature  of  the  KOFI  etch  is  also  used  to 
simultaneously  define  50  pm  wide  V-groves  along  the  boundaries 
of  each  device  which  serve  as  fracture  lines  during  dicing.  The 
etching  of  these  groves  self  terminate  at  50  pm  depth  due  to  the 
highly  anisotropic  etch  rate  of  KOFI  in  silicon.  These  fracture  lines 
are  used  as  an  alternative  dicing  method,  because  conventional 
sawing  is  damaging  to  fragile  surface  structures.  After  the  etching 
the  remaining  silicon  nitride  is  stripped  in  hot  phosphoric  acid 
(S1.4). 

2.2.2.  Silicon  plate  perforation 

The  perforation  of  the  silicon  plate  is  carried  out  using  Deep 
Reactive  Ion  Etching  (DRIE).  The  etch  mask  is  created  by  first 
depositing  a  2  pm  LPCVD  tetraethyl  orthosilicate  (TEOS)  oxide 
layer  (S2.1),  which  is  patterned  through  positive  photolithography 
(S2.2).  The  layer  is  much  thicker  than  needed  considering  only  etch 
selectivity.  This  is  due  to  the  simultaneous  usage  of  the  backside  as 
a  stop  layer  during  the  etch  (S2.3).  As  such  the  layer  is  designed  to 
be  thick  enough  to  withstand  the  pressure  difference  between  the 
plasma  chamber  and  the  helium  flow  on  the  bottom  side  of  the 
wafer  which  provides  cooling  during  the  etching  process.  It  has 
been  seen  during  processing  that  fractures  can  lead  to  the  entire 
wafer  declamping,  which  underlines  the  need  for  a  thick  oxide 
layer.  Because  the  etch  stops  on  the  oxide  layer  charging  is  a  po¬ 
tential  problem  which  can  lead  to  notch  formations.  This  aspect  is 
pronounced  by  the  variations  in  geometry  across  the  wafer  which 
leads  to  large  differences  in  etch  rate.  In  order  to  ensure  that  the 
smallest  features  are  fully  etched,  the  larger  features  must  be  over¬ 
etched.  To  alleviate  this  problem  a  low  frequency  generator  is  used 
to  remove  charge  during  the  etch  process,  which  stops  the  process 
when  the  bottom  oxide  is  reached  without  under-etching  along 
this  stopping  layer.  The  oxide  mask/stop-layer  is  then  stripped  in 
buffered  HF  (S2.4). 

2.2.3.  Electrode  definition 

In  order  to  prevent  shorts  forming  between  the  two  current 
collector  electrodes  on  either  side  of  the  silicon  plate,  the  wafers  are 
passivated  in  a  dry  oxidation,  defining  a  200  nm  silicon  dioxide 
layer  (S3.1).  The  current  collector  electrodes  are  defined  by  first  a 
sputter  deposition  of  a  10  nm  thick  TiW  anti-diffusion  barrier 
followed  by  an  e-beam  evaporation  of  100  nm  gold  (S3.2).  The  high 
directionality  of  e-beam  evaporation  prevents  shorts  through  the 
plate  perforation  holes,  however  in  trials  with  larger  100  pm  holes 
short  circuits  have  been  observed. 
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Fig.  2.  Top)  a  3D  view  of  the  anode  and  cathode  sides  of  the  device.  The  frames  are  shown  to  scale,  the  hole  lattice  is  enlarged  greatly  to  make  it  visible.  Bottom)  top  view  SEM  image 
of  the  hole  lattice  for  Type  A  and  Type  F  devices. 


2.2.4.  Membrane  integration 

The  proton  conducting  ionomer  membrane  is  integrated  into 
the  silicon  plate  using  drying  by  evaporation  from  a  solution  under 
low  pressure  -300  mBar  (S4.1).  The  geometry  during  the  drying 
process  is  shown  in  Fig.  4.  The  drying  is  carried  out  with  the 
finished  silicon  plates  mounted  in  Polydimethylsiloxane  (PDMS) 
molds.  The  dimensions  of  these  molds  critically  affect  the  dynamics 
of  the  ionomer  deposition  on  the  plate  surface. 

The  solution  used  is  Nation®  DE  2020  by  Sigma  Aldrich  con¬ 
sisting  of  20  wt.%  Nation  ion-exchange  resin  in  lower  alcohols  with 
34  wt.%  water.  Owing  to  the  low  polymer  content,  a  direct  sub¬ 
mersion  of  the  support  structure  and  subsequent  drying  would  lead 
to  void  formations  as  well  as  partially  filled  capillaries.  In  addition 
to  this,  dissolved  gas  would  also  lead  to  void  formations  during 
drying.  In  order  to  circumvent  these  problems,  a  method  of  evap¬ 
oration  from  a  slow  moving  surface  front  is  utilized.  Initially  the 
Nation  solution  is  submerged  entirely  in  pure  isopropanol  (Step  1). 
This  delays  the  drying  of  the  Nation  solution  for  approximately  2  h, 
during  which  the  solution  can  thoroughly  degas.  After  this  initial 
delay  the  Nation  solution  will  start  to  dry.  As  the  solution  dries,  the 
Nation  concentration  at  the  drying  front  steadily  increases  until  it 
forms  a  solid  membrane  which  deposits  on  the  edges  of  the  PDMS 
holder  and  on  the  device  surface  (Step  2).  Since  the  deposited 
Nation  membrane  is  permeable  to  the  solvent,  the  evaporation 
continues  to  facilitate  a  flow  of  polymer  to  the  membrane.  This  flow 
steadily  increases  the  membrane  thickness  into  and  through  the 
capillaries.  As  the  drying  continues  through  the  backside  of  the 
device,  the  dried  Nation  detaches  from  the  solution,  and  gas  de¬ 
velops  on  the  backside  of  the  device  (Step  3).  This  pushes  up  the 
holder  and  causes  the  remaining  ionomer  solution  to  leak  through 
the  bottom.  A  critical  element  of  the  process  is  the  thickness  of  the 
silicon  plate  be  thin  enough  that  this  gas  development  process  is 
not  initiated  until  after  the  membrane  has  deposited  through  the 
capillaries.  After  the  drying,  the  devices  are  annealed  at  140  °C  for 
30  min  in  ambient  air.  The  annealing  process  removes  any  solvent 
remains  and  has  been  shown  to  reduce  ionic  resistance  and  in¬ 
crease  mechanical  stability  [9]. 


2.2.5.  Catalyst  integration 

The  catalyst  layer  is  added  with  spray  deposition  (S4.2).  The 
final  layer  consists  of  carbon  black  supported  catalyst  particles 
bound  by  ionomer.  The  spray  deposition  solutions  consisted  of  a 
dry  catalyst  powder  dissolved  in  a  water  alcohol  mixture  which 
evaporates  during  the  coating  process.  The  dry  powder  consists  of 
mass  fractions  of  70%  Pt  and  75%  PtRu  particles  on  the  cathode  side 
and  anode  side,  respectively,  supported  on  carbon  black.  The 
mixture  also  includes  Nation  and  a  dispersion  agent,  poly¬ 
vinylpyrrolidone,  leading  to  the  deposited  catalyst  layers  having 
relative  mass  fraction  loadings  of  57%  and  53%  and  catalyst  loadings 
of  4  mg  cm-2  and  2  mg  cm-2  on  the  cathode  and  anode,  respec¬ 
tively  To  aid  alcohol  evaporation  during  spray  deposition  the  de¬ 
vices  are  heated  to  80  °C  during  the  coating  process. 

2.2.6.  Fuel  cell  assembly 

Finally  the  finished  silicon  device  is  attached  to  a  CNC-milled 
brass  reservoir,  using  a  carbon  based  conductive  adhesive.  The 
reservoir  consist  of  a  1  mm  wall,  with  dimensions  10  x  7.5  x  6  mm 
which  gives  an  outer  volume  of  375  pL  and  a  fuel  volume  of  220  pL. 
A  finished  device  mounted  on  a  fuel  reservoir  can  be  seen  in  Fig.  5. 
In  this  configuration  the  reservoir  acts  as  the  cathode  connection, 
while  the  edge  of  the  device  on  the  top  acts  as  the  cathode 
connection.  Depending  on  mounting  usage,  an  additional  top  cas¬ 
ing  can  be  fixed  to  the  top  to  protect  the  membrane  from 


Table  1 

Table  of  perforation  lattices  investigated  during  this  work.  The  perforation  ratio  is 
the  fraction  of  the  proton  conductive  area  to  the  catalytically  active  area. 


Device  type 

Hole  diameter 
[pm] 

Lattice  spacing 
[pm] 

Perforation  ratio 
[%] 

A 

20 

100 

3.6 

B 

10 

60 

2.5 

C 

10 

30 

10.1 

D 

15 

45 

10.1 

E 

10 

20 

22.7 

F 

20 

30 

40.3 
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Plate  Defining  Etch 
S1.1  LPCVD  Nitride 


SI. 3  KOH  wet  etch 


SI. 4  Nitride  strip 


Plate  Perforation 


Silicon  Chip  lonomer  Solution  IPA 
■  PDMS  Gasket  ■  Dried  ionomer  ■  PTFE  holder 


S2.1  LPCVD  TEOX  Oxide 


S2.2  Photolitography  &  AOE 


S2.3  DRIE  dry  etch 


Electrode  Definition 
S3.1  Wet  oxidation 


S3.2  Metalization 

\ _ _  _/  \_  T  T  T  -7 


Membrane  and  Catalyst  Integration 


■  Gold  current  collector  ■  lonomer 

■  Silicon  support  ■  Catalyst  layer 

■  Silicon  Nitride  Silicondioxide 


Fig.  4.  Schematic  showing  the  setup  for  the  evacuated  evaporation  drying  used  to 
integrate  the  ionomer  in  S4.1  of  the  fabrication  process  as  shown  in  Fig.  3. 


Fig.  5.  A  finished  device  shown  on  top  of  a  220  pL  capacity  fuel  reservoir  shown  next 
to  a  one  euro  coin  for  scale.  Fuel  is  injected  through  holes  in  the  bottom  of  the 
reservoir  which  are  not  visible. 


mechanical  damage.  The  brass  reservoir  has  two  small  holes  milled 
into  the  top.  PDMS  plugs  are  cast  into  these  holes  to  prevent  liquid 
from  escaping.  Fuel  can  then  be  added  to  the  reservoir  by  punc¬ 
turing  both  holes  with  syringes  and  adding  liquid  through  one 
while  letting  gas  escape  through  the  other.  In  a  similar  fashion  after 
finished  operation,  the  remaining  water  and  unused  residual  fuel 
can  be  extracted  by  injecting  air  into  one  syringe  while  letting  the 
liquids  escape  through  the  other. 


2.3.  Characterization  setups 

The  finalized  fuel  cells  have  been  characterized  using  current 
potential  sweeps  to  determine  their  external  performance  charac¬ 
teristics  in  form  of  the  power  density  and  internal  resistance.  Also 
an  AC  impedance  spectroscopy  setup  was  used  to  characterize  the 
through  device  resistance,  to  determine  the  integrated  membrane 


Fig.  3.  Illustration  of  the  fabrication  process  flow.  The  process  consists  of  two  mask 
steps  (S1.2,  S2.2),  passivisation  and  metalization  steps  (S3.1-2)  and  the  ionomer 
integration  step  followed  by  a  spray  coating  of  catalyst  layers  (S4.1-2).  Elements  are 
not  to  scale. 
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conductivity.  In  both  characterization  setups  the  measurements  are 
carried  out  using  reusable  electrodes  and  the  devices  were  tested 
without  fuel  reservoirs  mounted. 

2.3.1.  Current  potential  characterization 

The  characterization  of  the  cells  was  carried  out  by  varying  the 
drawn  current  and  measuring  the  potential  using  a  Keithley  2100 
source-meter.  The  silicon  devices  are  placed  between  two  copper 
electrodes,  and  a  200  pL  reservoir  filled  with  3  M  methanol.  After 
the  Open  Circuit  Potential  (OCV)  stabilizes,  the  current  is  swept 
from  zero  until  the  potential  has  decreased  to  zero  at  a  scan  rate  of 
0.2  mA  s-1.  The  peak  power  density  is  found  by  taking  the 
maximum  point  in  the  power  curve,  and  a  measure  of  the  total 
effective  internal  resistance  (Rint)  is  found  through  a  least  squares 
fit  to  a  linear  ohmic  potential  loss.  The  fit  is  made  in  the  region  from 
the  peak  power  density  and  upwards  in  current.  The  performance 
characteristics  are  a  complicated  nonlinear  system  with  contribu¬ 
tions  such  as  kinetic  and  mass  transfer  losses  at  both  anode  and 
cathode  and  ohmic  losses  associated  with  the  membrane  transport 
and  electrical  transport  in  the  catalyst  layers.  Contact  resistances 
between  catalyst  layer  and  collector  electrode  and  between  catalyst 
layers  and  the  ionomer  membrane  also  contribute.  In  addition  to 
these,  the  cross-over  permeation  of  methanol  through  the  mem¬ 
brane  will  be  driven  by  the  concentration  gradient  and  as  such  will 
depend  on  the  current  drawn.  Due  to  these  many  contributing 
factors  a  more  developed  model  will  not  adequately  be  able  to 
distinguish  contributions  to  the  effective  internal  resistance,  and  a 
different  approach  is  therefore  pursued  in  order  to  gain  an  opera¬ 
tion  independent  gauge  of  the  membrane  resistance,  through  an  AC 
Impedance  Spectroscopy  measurement  setup. 

2.3.2.  AC  impedance  spectroscopy 

In  order  to  relate  the  performance  of  the  devices  to  a  measure  of 
the  ionomer  membrane  conductivity,  a  measurement  setup,  based 
on  AC  impedance  spectroscopy  [10],  was  created  and  used  to 
measure  the  ionic  resistance  through  the  devices.  The  setup 
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Fig.  6.  Illustration  of  the  measurement  setup  used  to  determine  the  through  device 
resistance,  Rt d.  The  four  platinum  grid  electrodes  are  configured  in  a  four-point  probe 
geometry  to  eliminate  resistances  associated  with  the  current  through  the  source  and 
current  collector  electrodes.  The  electrodes  are  fitted  into  two  sets  of  three  polycarbon 
plates,  here  shown  in  different  shades  to  distinguish  the  individual  plates.  (For  inter¬ 
pretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the 
web  version  of  this  article.) 


Fig.  7.  Scanning  electron  microscopy  image  showing  the  ionomer  integrated  into  the 
silicon  plate  after  annealing.  The  ionomer  is  colored  green  against  the  silicon  which  is 
colored  blue.  The  strands  of  ionomer  were  elongated  during  the  fracture  of  the  device, 
and  therefore  appear  longer  than  the  thickness  of  the  plate.  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 

consists  of  two  liquid  reservoirs  filled  with  1  M  sulfuric  acid  in 
water  as  can  be  seen  in  Fig.  6.  The  reservoirs  are  connected  to  the 
device  such  that  it  constitutes  the  sole  conducting  pathway  be¬ 
tween  them.  To  generate  and  measure  the  electrical  signals  a  four- 
point  probe  setup  is  used.  Two  platinum  grid  electrodes  are  situ¬ 
ated  in  each  reservoir  clamped  between  polycarbonate  plates.  The 
impedance  is  measured  using  a  Agilent  4294A  precision  impedance 
analyzer,  with  a  potential  signal  amplitude  of  100  mV  rms.  Since  no 
fuel  is  present  during  these  measurements,  cross-over  effects  have 
no  influence  on  the  resulting  spectra. 

3.  Results  and  discussion 

3.1.  Ionomer  integration  filling 

A  Scanning  Electron  Microscopy  (SEM)  image  showing  the  cross 
section  of  a  dried  membrane  can  be  seen  in  Fig.  7.  The  ionomer  can 
be  seen  to  fill  the  internal  volume  of  the  membrane.  A  thin 
approximately  5  pm  layer  of  Nafion  is  deposited  on  the  bottom  of 
the  device.  This  side  is  the  top  side  of  the  device  illustrated  in  Fig.  4. 
The  ionomer  strands  are  longer  than  the  membrane  thickness  due 
to  being  stretched  during  the  cross-sectional  fracture.  The  results 
clearly  show  that  the  ionomer  integration  technique  utilized  leads 
to  a  high  filling  factor  integrated  membrane  despite  the  polymer 
only  making  out  20%  of  the  initial  polymer  solution. 

3.2.  Power  density  and  internal  resistance 

A  measured  IV  curve  for  a  device  of  type  F  is  shown  in  Fig.  8.  The 
nonlinear  shape  of  the  potential  curve  is  due  to  the  non-linear 
losses  associated  with  the  chemical  overpotentials.  The  exact 
curve-shape  can  be  fitted  using  more  detailed  models  11],  how¬ 
ever  instead  an  effective  internal  resistance  is  found  to  simplify 
comparisons.  The  power  densities  of  the  studied  geometries,  Types 
A— F,  are  all  located  in  the  range  of  to  0.5-2.5  mW  cm-2,  while  the 
open  circuit  potentials  are  in  the  range  of  300-470  mV.  The  large 
deviation  from  the  ideal  standard  potential  of  1.18  V  associated 
with  the  methanol  oxidation  reaction  vs.  an  oxygen  reduction  re¬ 
action  [12]  is  attributed  to  the  formation  of  a  mixed  potential  [13], 
as  methanol  diffuses  through  the  membrane  to  the  cathode  side. 

3.3.  Through  device  resistance 

Two  equivalent  circuit  models  were  used  to  model  the 
measured  impedance  data  and  as  fitting  functions.  The  first  model 
is  a  classical  Randles  circuit  [14]  shown  in  Fig.  9. 

The  resistance  of  the  electrolyte  is  described  by  %  The  resis¬ 
tance  connected  in  parallel,  Rt d,  is  the  resistance  through  the  entire 
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Fig.  8.  IV  curve  for  a  Type  F  device  with  20  pm  diameter  holes  with  lattice  spacing  of 
30  pm.  The  peak  power  is  found  to  be  2.3  mW  cm-2.  The  solid  line  shows  a  linear  fit 
used  to  determine  an  effective  internal  resistance  which  was  found  to  be  21.77  Q 
corresponding  to  9.58  Q  cm-2. 


device,  and  therefore  contains  both  contributions  from  the  mem¬ 
brane  and  the  porous  catalyst  layers.  The  capacitive  element,  C, 
models  the  geometric  capacitance  between  the  two  sides  of  the 
device,  and  the  Warburg  element,  W ,  models  diffusion  at  the 
sensing  electrodes.  The  impedance  of  the  Warburg  element,  Zw,  and 
the  capacitor,  Zc,  are 


V2^L  Zc 
Vico 


1 

Cico 


where  Aw  is  the  Warburg  constant,  co  the  angular  frequency  and  i 
the  imaginary  unit.  The  impedance  of  the  Randles  circuit  is  given  by 

Zr  =  R0  +  — j rj — x  (1) 

The  results  of  fitting  this  model  to  data  can  be  seen  in  Fig.  10, 
where  it  is  clearly  shown  that  the  model  does  not  provide  a  satis¬ 
factory  fit  for  the  measured  data. 

The  other  model  used  is  a  modified  Randles  circuit.  The  Randles 
circuit  is  based  on  the  assumption  of  a  perfect  capacitor  as  well  as 
semi-infinite  linear  diffusion  at  the  sensing  electrodes.  These  as¬ 
sumptions  are  not  applicable  for  the  devices  investigated,  and  the 
circuit  is  therefore  modified  to  take  non-ideal  effects  into  account. 
Two  changes  are  made.  The  Warburg  element  is  substituted  out  for 
a  constant  phase  element  [15],  Zqw,  with  amplitude  Wa  and  phase 
angle  parameter,  nw,  close  to  the  value  of  1/2  that  would  correspond 
to  an  ideal  Warburg  element.  The  impedance  is  given  by 


Zqw  — 


Wa 

(ico)Uw 


Similarly  the  Randles  circuit  assumes  an  ideal  capacitor,  this 
assumption  does  not  hold  for  these  devices,  since  the  ideal 


Equivalent  circuit  diagram 
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Fig.  9.  A  Randies  circuit  is  used  to  model  the  measured  impedance  spectrum.  W  is  a 
Warburg  diffusion  element  and  C  is  a  capacitive  element.  Rtd  is  the  through  device 
resistance,  and  R0  is  the  serial  resistance  of  the  connecting  elements. 
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Fig.  10.  Measured  impedance  across  a  type  D  device  with  15  pm  holes  in  a  45  pm 
lattice,  corresponding  to  10%  porosity.  The  top  part  of  the  figure  shows  a  Nyquist  plot 
and  the  bottom  part  shows  a  Bode  plot.  The  results  of  the  modified  Randles  circuit  fit  is 
a  resistance  of  8.3  Q,  with  an  equivalent  capacitance  of  43.8  nF. 


capacitor  assumes  a  uniform  medium  and  planar  electrodes  while 
the  device  has  porous  electrodes  and  a  non  uniform  medium  16]. 
Therefore  the  capacitive  element  is  replaced  with  a  constant  phase 
element,  Zqc,  with  prefactor  1  /Qo  and  a  phase  angle  parameter,  n, 
close  to  the  value  of  1,  which  would  correspond  to  an  ideal 
capacitor.  The  impedance  of  this  element  is  given  by 

7  1  1 

Qc  Qc  (iw)" 

Finally  the  impedance  of  the  modified  Randles  circuit,  Zm, 
becomes 


Zm  —  Ro  H - \ - f 

^td+^Qw  Zqc 

During  the  fitting  of  impedance  data  to  the  modified  Randles 
circuit  the  fitted  phase  angles  for  these  two  constant  phase  ele¬ 
ments  gave  results  close  to  the  ideal  values.  For  the  Warburg  and 
capacitive  elements  the  average  fitted  values  are  nw  ~  0.32  and 
n  ~  0.9,  respectively. 

Since  the  data  is  collected  in  a  logarithmic  frequency  space, 
F=  logio(w/27r),  during  actual  fitting  the  models  are  re-expressed  as 


Zm(O) 


F0  =  log10(2irf2c^ 

R°  +  Rtd(l+a(i10F)  ”w)  ,+ilOrl(f-fo) 


(2) 


where  a  =  Wa/Rtd  is  the  normalized  Warburg  element  amplitude, 
and  the  phase  angles  are  fixed  to  nw  =  Vi/\n  =  1  when  fitting  the 
unmodified  Randles  circuit. 

The  modified  Randles  model  fits  the  data  well,  with  the  average 
standard  error  on  the  estimated  membrane  resistance  Rtd  being 
~  0.02  Q.  A  Nyquist  plot  of  fit  and  data  for  a  type  D  device  is  pre¬ 
sented  in  the  top  of  Fig.  10,  a  Bode  plot  is  shown  in  the  bottom  part 
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of  the  figure.  The  results  show  good  agreement  between  data  and 
the  modified  Randles  circuit  fit.  The  unmodified  Randles  circuit  fit 
is  also  shown,  and  it  clearly  shows  problems  in  describing  the  low 
frequency  curve  angle  and  circle  suppression.  In  the  modified 
Randles  circuit,  a  systematic  deviation  is  apparent  in  the  low  fre¬ 
quency  side,  or  equivalently  higher  resistance  side  of  the  depressed 
semicircle.  Here  the  model  is  defined  to  be  symmetric  about  the 
central  frequency,  however  a  linear  constant  angle  slope  is 
observed  in  the  Nyquist  plot  in  the  top  of  Fig.  10.  An  equivalent 
capacitance  can  be  found  for  the  constant  phase  element  through 
Ce q  =  (Rtd2TulOF°)_1  [16].  For  the  shown  device  the  capacitance  is 
found  to  be  Qiq  =  43.8  nF,  which  is  close  to  the  expected  range  of 
the  geometric  capacitance  for  two  0.44  cm2  electrodes  separated 
by  100  pm  silicon  assuming  a  relative  permittivity  of  er  =  11.6 
which  is  Cg  ~  45  nF.  The  difference  could  be  ascribed  to  the  low¬ 
ered  relative  permittivity  of  the  plate  due  to  the  Nation  filled  pores. 
The  resistance  found  through  this  measurement  is  not  strictly  equal 
to  the  resistance  through  the  membrane,  as  conductance  through 
the  porous  ionomer  containing  catalyst  layers  also  contribute.  It  is, 
however,  assumed  that  the  primary  contribution  arises  from  the 
membrane,  due  to  the  porous  volume  of  the  catalyst  layers  filling 
with  electrolyte  and  due  to  the  membrane  being  100  pm  thick  vs. 
the  ~  10  pm  thick  catalyst  layers. 

Nation  has  a  conductivity  which  is  highly  dependent  on  hy¬ 
dration  level,  assuming  a  conductivity  of  a  e  [0.1,  0.01]  Q,  for  a 
membrane  with  area  A  =  0.44  cm2  and  length,  L  =  0.1  mm,  the 
expected  resistance  is  within  R  e  [0.27, 2.72]  Q.  For  an  effective  area 
of  only  10%,  this  would  lead  to  R  e  [1.36, 13.62]  Q.  For  a  device  with 
an  effective  area  ratio  of  a  =  10%  of  the  membrane  resistance  was 
found  to  be  in  the  range  of  Rt d  ~  15  Q,  for  the  devices  with  a  lower 
resistance.  For  a  single  device  the  resistance  was  observed  as  high 
as  ~35  Q.  This  would  suggest  that  the  ionomer  conductivity  is  in 
the  lower  region  compared  to  well  hydrated  traditional  mem¬ 
branes.  This  could  be  due  to  a  lower  level  of  hydration,  perhaps 
impeded  by  the  microstructure  integration. 
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Fig.  11.  Open  circuit  potential  shown  against  the  through  device  resistance  (Rt d).  All 
devices  are  shown  to  have  OCV  in  the  range  of  300-550  mV.  A  tendency  of  higher  OCV 
correlating  to  higher  resistance  through  the  device  is  observed. 
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3.4.  Influence  of  plate  geometry  on  performance 

A  batch  of  9  devices  were  examined,  for  each  device  the  internal 
resistance  and  peak  power  density  were  found  through  IV  charac¬ 
terization  and  the  through  device  resistance/conductance  was 
determined  by  use  of  AC  impedance  spectroscopy. 

A  plot  of  the  OCV  as  a  function  of  the  through  device  resistance 
is  shown  in  Fig.  11.  It  can  be  seen  that  the  OCVs  of  the  devices  were 
all  located  in  the  range  of  300-550  mV.  Devices  with  higher 
through  device  resistance  are  seen  to  also  have  higher  OCV,  indi¬ 
cating  that  reduction  in  membrane  conductivity  also  reduces 
methanol  permeation.  The  correlation  between  effective  internal 
resistances  of  the  devices  and  the  measured  through  device  resis¬ 
tance  is  plotted  in  Fig.  12.  The  figure  shows  a  linear  tendency  which 
indicates  that  the  differences  in  internal  resistances  are  largely 
determined  by  the  conductivity  of  the  ionomer  and  contact  re¬ 
sistances  between  catalyst  layers  and  ionomer. 

Fig.  13  shows  the  relation  between  power  density  and  the 
through  device  conductance,  at d  =  1  /Rtd-  As  expected  a  tendency  of 
higher  power  density  with  higher  conductance  is  observed.  It  is, 
however,  apparent  that  devices  with  the  same  design,  i.e.  C\  and  C2, 
have  large  variations  in  conductivity  indicating  that  the  membrane 
quality  variation  for  each  deposition  overshadows  the  influences  of 
the  differences  in  plate  geometry.  The  relation  between  peak  power 
density  and  perforation  ratio,  shown  in  Fig.  14,  illustrate  that  there 
is  only  a  slight  trend  between  perforation  ratio  and  achieved  peak 
power  density.  It  is  observed  that  a  larger  perforation  ratio  leads  to 
a  higher  peak  power,  with  the  best  device  design  being  type  F  with 
a  perforation  ratio  of  40.3%.  When  considered  in  light  of  the  open 


Fig.  12.  Correlation  between  effective  internal  resistances  (flint)  of  the  devices  and  the 
measured  through  device  resistance  (fltd).  Apart  from  the  type  B  device  outlier,  a  linear 
trend  is  observed. 


circuit  potential  drop  associated  with  lower  resistances,  seen  in 
Fig.  11,  this  leads  to  the  conclusion  that  the  performance  gains 
associated  with  an  increase  in  conductivity  is  greater  than  the  loss 
associated  with  increased  methanol  cross-over  in  the  devices 
studied. 


Fig.  13.  Power  density  shown  against  the  through  device  conductivity.  Devices  of  Type 
F  are  excluded  as  they  are  an  order  of  magnitude  higher. 
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Fig.  14.  Power  ratio  plotted  against  effective  perforation  ratio.  A  tendency  of  increased 
performance  with  higher  ratios  of  perforation  is  observed.  A  large  variation  is  observed 
between  devices  of  similar  designs  and  similar  perforation. 


3.5.  Discussion 

The  performance  of  the  fabricated  devices  are  compared  to 
other  silicon  based  direct  methanol  fuel  cell  systems  in  Table  2.  The 
systems  are  separated  into  passive  and  active  categories  based  on 
the  mode  of  operation.  The  table  shows  the  peak  power  density  per 
catalytic  active  geometric  area,  which  shows  the  ability  of  the 
catalyst/membrane  to  deliver  power.  Also  shown  is  the  volumetric 
power  density  with  respect  to  the  outer  system  volume.  The  system 
volume  is  estimated  from  the  referenced  original  works,  and  in¬ 
cludes  the  mechanical  structures  needed  to  support  the  active  cell. 

The  active  systems  utilize  pumps  to  transport  methanol  to  the 
anode,  therefore  their  peak  power  densities  are  typically  signifi¬ 
cantly  higher  than  passive  systems  [2].  Especially  systems  utilizing 
an  actively  pumped  oxygen  flow  are  capable  of  achieving  very  high 
peak  power  density  1].  Another  method  often  employed  to  in¬ 
crease  power  output  is  stacking  multiple  cells  to  achieve  larger 
potentials  [17,18].  Active  or  stacked  systems  have  a  large  volume 


and  have  been  insufficient  for  use  as  power  source  in  miniature 
electronic  devices.  Therefore  it  is  interesting  to  compare  the  results 
against  miniature  passive  fuel  cell  systems. 

n  comparison  to  a  similar  passive  system  by  Gharibi  et  al.  [7],  the 
devices  presented  here  show  a  higher  performance  with  a  smaller 
system  size,  and  operating  with  open  circuit  potentials  in  a  similar 
range,  however  using  a  higher  methanol  concentration.  More 
mature  systems  like  those  presented  by  Ref.  [6]  show  much  larger 
power  densities,  up  to  10  mW  cm-2,  though  operating  at  signifi¬ 
cantly  larger  total  system  sizes.  It  should  be  noted  that  their  initial 
reported  values  were  in  the  range  of  1-4  mW  cm-2  and  only 
through  continual  optimization  was  the  higher  value  obtained.  In 
that  respect  the  designs  presented  here  prove  interesting  as  the 
catalyst  layers  have  yet  to  be  optimized  for  the  membrane  config¬ 
uration,  while  elements  such  as  micro-porous  layers  also  have  not 
yet  been  implemented.  Designs  such  as  [5]  require  that  the  elec¬ 
trodes  and  the  conventional  MEA  are  pressed  together.  Therefore  a 
large  amount  of  the  total  system  volume  is  wasted  on  this  me¬ 
chanical  assembly.  When  comparing  system  sizes,  it  can  be  seen 
that  the  presented  design  has  a  much  lower  total  system  size  as 
there  is  no  need  for  mechanical  assembly.  Comparing  the  volu¬ 
metric  power  density  numbers  in  Table  2  it  can  be  seen  that  the 
integrated  design  presented  here  is  comparable  to  the  stacked 
passive  systems,  while  it’s  still  somewhat  below  the  active  systems. 
These  are  however  over  estimates  as  the  volume  does  not  include 
the  pumps  needed  during  operation. 


4.  Conclusion 

This  work  shows  a  silicon-plate  integrated  ionomer  membrane 
for  a  passive  direct  methanol  fuel  cell.  The  designs  were  shown  to 
lead  to  working  fuel  cells  with  IV  characterization  showing  power 
densities  of  up  to  2.5  mW  cm-2  under  passive  operation  at  room 
temperature.  This  performance  compares  favorable  to  other  re¬ 
ported  single  stack  silicon  based  passive  air-breathing  DMFCs  [7], 
but  is  lower  than  state  of  the  art  in  silicon  based  cell  [5].  The  pre¬ 
sented  devices  however  do  not  require  high  amounts  of  pressure  to 
reduce  contact  resistance  between  silicon  and  catalyst  layers.  This 


Table  2 

Performance  of  different  bi-polar  plate  designs  compared  to  the  integrated  membrane  of  this  work.  The  area  used  for  the  peak  power  density  is  the  geometric  area  of  the 
catalytic  region.  T  is  the  operating  temperature  and  RT  denotes  room  temperature  conditions.  CM  denotes  the  methanol  fuel  concentration  used.  A  and  C  denote  the  anode  and 
cathode  loadings  of  PtRu  and  Pt,  respectively. 


Work 

System  size 

Active  area 
[cm2] 

Peak  power 
density 
[mW  cm"2] 

Volumetric  peak 
power  density 
[mW  cm”3] 

ocv 

[mV] 

T 

[°C] 

Cm  [Ml 

Catalyst  loading 
[mg  cm-2] 

Active  systems 

Kelley  et  al.a  [1] 

3  cm2  x  1  cm 

0.25 

60 

5.0 

700 

70 

0.5 

A:  ~2 

Liu  et  al.  [4] 

1  cm2  x  0.5  cm 

1 

4.7 

9.4 

450 

RT 

2 

C:  1.5 

A:  2 

C:  1 

NA 

Seo  et  al.  [3] 

3.5  cm2  x  1  cm 

1 

0.031 

0.000078 

650 

RT 

1 

Passive  systems 
Hashim  et  al.b  [19] 

7.5  cm2  x  5  cm 

4 

12 

0.32 

2500 

RT 

4 

A:  4 
c •  0 

Chan  et  al.b  [18] 

~30  cm2  x  4  cm 

6.25 

10.3 

0.54 

2900 

70 

6 

v~.  Z 

A:  4 

Shimizu  et  al.  [6] 

49  cm2  x  4  cm 

36 

10 

1.84 

550 

RT 

4 

z 

A:  2.5 

Sabate  et  al.  [5] 

6  cm2  x  1  cm 

0.25 

10 

0.42 

450 

RT 

2 

C:  2.6 

A:  4 

c •  A 

Gharibi  et  al.  [7] 

4.75  cm2  x  3  cm 

4.75 

1.2 

0.40 

500 

RT 

1 

A:  1 

c •  Q 

This  work 

0.75  cm2  x  0.7  cm 

0.44 

2.5 

2.01 

500 

RT 

3 

A:  4 

C:  2 

a  Oxygen  feed. 
b  Stacked  system. 
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allows  them  to  operate  with  a  much  smaller  total  system  volume, 
and  the  present  work  reports  a  volumetric  power  density  of  up  to 
2.5  mW  cm-3,  which  is  superior  to  similar  passive  systems 
[19,20,6,5,7  and  compares  favorable  to  active  systems  even  when 
not  accounting  for  the  volume  taken  up  by  their  pumping  systems 
[1,4].  The  low  potential  ranges  compared  to  ideal  cases  are  assumed 
to  be  primarily  due  to  cross-over  effects  which  reduce  the  cathode 
potential  and  also  lead  to  a  continual  loss  of  fuel  as  it  diffuses 
directly  through  the  membrane.  The  exact  level  of  the  effect  has  not 
yet  been  investigated  but  is  of  major  concern  both  with  respect  to 
improving  JV-performance,  but  as  important  with  respect  to 
attainable  energy  capacity. 

The  devices  were  analyzed  using  AC  impedance  spectroscopy, 
which  revealed  a  large  geometry  independent  variation  in  the 
through  device  conductivity,  indicating  that  the  membrane  inte¬ 
gration  is  a  critical  fabrication  step,  which  still  needs  improvement 
to  ensure  the  deposited  membrane  conforms  reproducibly  to  the 
underlying  perforation  geometry. 

A  tendency  of  increasing  OCV  associated  with  an  increase  in  the 
membrane  resistance  was  observed.  The  corresponding  lower 
conductivity  and  associated  ohmic  losses  however  showed  that  the 
constriction  did  not  provide  a  net  performance  gain.  The  highest 
performances  were  thus  seen  at  the  devices  with  the  highest  ratio 
of  perforation. 

In  conclusion,  the  methodology  does  not  show  improved  per¬ 
formance  with  respect  to  power  density  of  the  active  area  in  cur¬ 
rent  results,  but  fairs  positively  in  comparison  considering  the  total 
device  size.  In  addition  to  this,  the  novel  design  opens  the  possi¬ 
bility  for  micro-  and  nano-structured  integrated  catalyst  layers  and 
is  interesting  as  a  platform  for  further  novel  optimizations  that  can 
be  realized  by  bottom  up  fabrication  of  elements  such  as  catalyst 
support  layers. 
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